This paper investigates the sound absorption characteristics of porous steel samples manufactured by Lost Carbonate Sintering. Measurements of the normal incidence sound absorption coefficient were made using an impedance tube for single-layer porous steel discs and assemblies comprising four layers of porous steel discs. The sound absorption coefficient was found not to vary significantly with pore size in the range of 250-1500 µm. In general, the absorption coefficient increases with increasing frequency and increasing thickness, and peaks at specific frequencies depending on the porosity. An increase in porosity tends to increase the frequency at which the sound absorption coefficient reaches this peak. An advantage was found in using an assembly of samples with gradient porosities of 75%-70%-65%-60% as it gave higher and more uniform sound absorption coefficients than an assembly with porosities of 75%.
INTRODUCTION
Porous metals have multifunctional properties. They retain some properties of metals such as good electrical and thermal conductivity, and also possess the special characteristics of porous structures such as good energy absorption and sound absorption. Recently, there is considerable interest in the study of the properties of porous metallic materials, especially their sound absorption. Porous metals are particularly suitable for use under extreme conditions where high temperatures, high noise levels, high air velocity, and high humidity may exist.
The capability of a material to absorb sound is measured by sound absorption coefficient which is defined as the ratio of the absorbed sound intensity to the incident sound intensity. Porous metals that are effective absorbers can have sound absorption coefficients exceeding 0.9 [1] . Sound absorption coefficient of porous materials is dependent on material properties, such as pore morphology, pore tortuosity, porosity, airflow resistivity and sample thickness, and sound frequency [2] .
Lu et al. investigated the sound absorption of metal foams with open and closed cells and studied the effect of different processing methods on sound absorption coefficients [3, 4] . They found that the sound absorption properties of foams with closed cells after minor compression were poor because the largely closed cell structure prevents air particles penetrating inside the material. As a result, sound energy can not be dissipated within these porous materials. Han et al. studied the sound absorption behavior of open-cell aluminum alloy foam manufactured by the infiltration method [5, 6] . They discovered that the sound absorption of the foam at frequencies over 1000Hz is better than the commercial metal foams available. They proposed that the complex internal pore structures and rough internal surfaces allowed more sound to be absorbed through viscous and thermal losses. Bo and Tianning studied the sound absorption coefficient of a porous sintered fiber metal [7] . They used a simple acoustic model to calculate the sound absorption coefficient, using convective heat transfer in metallic tube for reference. They found that the assembly order of porous fiber metal sheets and relative density can have significant effects on the sound absorption coefficient.
This paper studies the sound absorption characteristics of open-cell porous steel manufactured by the Lost Carbonate Sintering (LCS) process developed by Zhao et al. [8] . The objective is to investigate the effects of porosity, pore size and thickness of the porous steel in sound absorbing process by comparing the sound absorption coefficients. It also studies the effect of assemblies of porous steel samples with different porosities.
EXPERIMENTAL
The porous steel samples were produced by the LCS method [8, 9] . Astaloy A steel powder was first mixed with potassium carbonate granules with a specific size range at a specific volume ratio. The mixture was then compressed in a steel tube with an internal diameter of either 30 mm or 100 mm by a hydraulic press. The 30 mm and 100 mm preforms were then sintered in a furnace at 850°C for 5 and 8 hours, respectively, and air cooled to room temperature. The sintered preforms were machined to desired thicknesses and their faces were polished while potassium carbonate granules were still in the samples. The potassium carbonate was then dissolved by hot water, resulting in circular porous steel discs. The samples have a diameter of 30 or 100 mm; a thickness of 5, 10 or 20 mm; a pore size range of 250-425, 425-710, 710-1000 or 1000-1500 µm; and a nominal porosity of 60, 65, 70 or 75%. The actual porosity measured by the Archimedes method is slightly higher (<2%) than the nominal porosity.
The normal incidence sound absorption coefficient of the porous steel samples was measured using the impedance tube method using samples on a rigid backing. A comprehensive description of the method and the transfer-function calculation can be found in EN ISO 10534-2:2001 [10] . The measurement equipment consisted of an impedance tube, a test sample holder, two microphones, a signal generator, a two-channel Fast Fourier Transform (FFT) analyser, a power amplifier and a loudspeaker, as shown schematically in Figure 1 . The diameter of the impedance tube determines the valid frequency range of the result. Different diameter samples and tubes were used for different frequency ranges. For the frequency range from 50 to 500Hz, the samples had diameters of 100 mm and diameters of 30 mm for 500 to 5000Hz. Vaseline was used around the perimeter of the samples to ensure that there were no air gaps between the tube and the samples. Figure 2 shows the variation of the sound absorption coefficient with frequency for 10 mm thick porous steel samples with (a) a fixed nominal porosity of 70% and different pore size ranges and (b) a fixed pore size range of 425-710 µm for different porosities between 60% and 75%. For 50 to 500Hz, the sound absorption coefficients are below 0.2, but above this the sound absorption coefficients tend to increase rapidly with increasing frequency. For any porous layer on a rigid backing there are peaks of high absorption at specific frequencies. For the samples with a nominally identical porosity of 70%, the ranges of pore size do not show significant differences in the sound absorption coefficient (see Figure 2a) . shows that the effect of porosity on the sound absorption coefficient is significant. The porosity determines the frequency at which the sound absorption coefficient reaches a peak and the peak frequency generally increases with increasing porosity. Figure 3 shows the variation of the sound absorption coefficient with frequency for porous steel samples with a nominal porosity of 75%, a pore size range of 425-710 µm and different sample thicknesses. The samples with total thicknesses of 15 mm and 40 mm are composed of two layers, 10+5 mm and 20+20 mm respectively. In general, the thicker samples have the highest sound absorption and the frequency at which the sound absorption reaches a peak tends to decrease with increasing sample thickness. Figure 4 shows the variation in the sound absorption coefficient with frequency for two assemblies of 10 mm thick porous steel samples with (a) the same nominal porosity of 75% and (b) different porosities of 75%-70%-65%-60%, with the highest porosity sample facing the incident sound wave. All the samples have a fixed pore size range of 425-710 µm. It is seen that the 75%-70%-65%-60% sample assembly has sound absorption coefficients greater than 0.8 over a wide range of frequencies. In addition, the fluctuations with frequency are much lower than with the 75%-75%-75%-75% assembly. This indicates that there are potential advantages in using assemblies with a graduated decrease in porosity from the surface in order to achieve uniformly high sound absorption. Figure 5 shows the variation of sound absorption coefficient with frequency for four assemblies of porous steel samples with gradient porosities of 75%-70%-65%-60%, all with a pore size range of 425-710 µm. The assemblies consist of 4 layers, 4×5, 4×10, 4×(10+5) and 4×20 mm respectively. It is shown that when the overall thickness is greater than 20 mm, the sound absorption coefficients tend not to fluctuate. In addition it is seen that at thicknesses above 40 mm the sound absorption coefficients do not increase very much with further increase in assembly thickness. 
RESULTS

DISCUSSION
The sound absorption of porous materials with a rigid frame mainly depends on the viscous resistance of air in the pores [11] . The friction between the vibrating air particles and the surface of the pores dissipates energy in the form of heat. Therefore, the main structural properties of the porous materials affecting sound absorption are pore size, porosity and thickness. In the range of pore size studied, 250-1500 µm, varying the pore size does not significantly affect the sound absorption coefficient. However, the porosity has a significant effect on sound absorption. High porosity porous steel samples have higher sound absorption coefficients at higher frequencies, whereas low porosity samples have higher sound absorption coefficients at lower frequencies. Thick samples also tend to have higher sound absorption, especially at low frequencies, as seen in Figure 4 . The frequency of peak absorption coefficient decreases with increasing thickness. Overall, the sound absorption of porous steel is generally poor at low frequencies but increases significantly at high frequencies.
As the porosity determines the frequency of peak sound absorption coefficient, it is expected that a sample with a gradient porosity would have more uniform sound absorption over a broader frequency range than a sample of a single porosity. Comparison of the 75%-70%-65%-60% assembly with the 75%-75%-75%-75% assembly shows that the large fluctuations with the latter do not occur with the former. The result indicates that assemblies of samples with different porosities can be used to give a more uniform, high sound absorption coefficient.
CONCLUSION
The normal incidence sound absorption coefficient of porous steel was measured using an impedance tube. The sound absorption generally increases with increasing frequency, and peaks at specific frequencies depending on the porosity. For a fixed porosity, the sound absorption coefficient was found not to vary with pore sizes in the range of 250-1500 µm. In general, the absorption coefficient increases with increasing frequency and increasing thickness, and peaks at specific frequencies depending on the porosity. An increase in porosity tends to increase the frequency at which the sound absorption coefficient reaches this peak. An advantage was found in using an assembly of samples with gradient porosities of 75%-70%-65%-60% as it gave higher and more uniform sound absorption coefficients than an assembly with porosities of 75%.
